Abstract-Coupling of carrier wave frequencies up to 95 kHz (within the European CENELEC A-band) for online diagnostic data transfer in medium voltage cables is studied. Inductive and capacitive signal coupling is considered not only on basis of technical performance, but also on basis of practical aspects. The effectiveness of coupling schemes depends on the impedances of substation equipment at the cable terminals. The frequency response of a 10-kV, 400-kVA three-phase cast resin distribution transformer is investigated. In the frequency range of interest, the behavior is well described by a capacitance of typically 1 nF. The signal transfer over a 4-km paper cable, terminated by various load impedances to mimic real equipment is studied. From the results it is concluded that for inductive coupling performance within the CENELEC A-band may be sufficient, except for substations at the end of a grid. Transferring signals containing frequencies up to several megahertz, which is already required for synchronization of partial discharge detection and location equipment, is feasible under all conditions. Measurements on life substations indicate that up to these frequencies substation components can still be accurately modeled as lumped circuit impedances.
. Situation during off-line (top) and online (bottom) tests. For off-line PD testing the cable is disconnected from the grid and the cable is energized externally. The PD pulses (e.g., originating from a cable joint) traveling in both directions can be detected at one side, because of full signal reflection at the far end (see inserted waveform). Signal reflection at the far end in an online test depends on the substation configuration, and TDR may be prohibited. Location can now be realized by double-sided detection.
energized [ Fig. 1(top) ]. The PD events result in pulses, which travel in both directions along the cable. Since the far cable end is open, full signal reflection takes place and the origin of the PD can be established by means of time domain reflectometry (TDR). From an operational point of view and also considering the costs involved, online techniques are preferred [ Fig. 1(bottom) ] [1] - [3] . More importantly, online diagnostics allow detection of trends in PD behavior over long periods of time and may therefore be more conclusive than offline tests. However, no clear signal reflection is guaranteed, since substation impedances now load the far end of the cable. Two-sided detection can be used instead of TDR. Linking the data from both sides allows accurate PD location, but requires information transfer. An online PD detection and location system therefore should preferably include a communication channel.
At present, substations at the MV level are generally not equipped with provisions for communication. Therefore, the grid itself is considered as an alternative channel. The main obstacle for using MV cables is related to the coupling into the grid. In this respect, the situation is completely opposite to power line communication over the low voltage grid, where coupling is relatively easy but cable branching and connected loads are responsible for severe signal attenuation.
MV cables are shielded structures except for their connections in substations. There, signals can be coupled to the grid basically in two ways.
• Capacitive coupling requires a high-voltage capacitor connected to one of the phase conductors. This complicates installation, especially in a life circuit. The mutual inductances at transmitter and receiver side are denoted with M and M , respectively; the capacitive coupling is realized through C and C . The voltage and current at the cable input and output are denoted with V ; I respectively V ; I .
• Inductive coupling does not require galvanic contact with the phase conductors. However, a suitable injection site must be accessible. Especially for inductive coupling, the impedances present in a substation are essential, since they close the current injection and detection circuits. Besides for communication, these impedances are relevant for PD magnitude detection, and also for synchronization. The time-base of equipment at both cable ends must be aligned at least within 100 ns to allow sufficient location accuracy (about 10-20 m). For this purpose, the option of pulse injection over the grid is investigated.
In this paper, the load of a typical distribution transformer, and the transmission of signals along a 4-km three-phase belted cable are studied in the frequency range of the CEN-ELEC A-band. Although inductive coupling is preferred from a practical point of view, the effect of the termination impedance on capacitive coupling is studied as well in order to compare various (combinations of) coupling schemes. The results are used to evaluate the channels' performance for both carrier wave (up to 100 kHz) coupling and coupling of PD synchronization signals (up to a few megahertz) in energized cable connections.
II. TRANSMISSION LINE DESCRIPTION
A survey of MV systems used in The Netherlands showed that for the majority of the substations, coupling sites are accessible for injecting or detecting signals by placing a coil either around a phase conductor at a cable end (where the earth screen is still present), or around the earth connection nearby the cable [4] . This inductive coupling scheme is basically a weakly coupled transformer. The coil is the primary side and the secondary side consists of the cable in series with the terminating impedance , which represents all substation components, e.g., distribution transformer, leaving cables (Fig. 2 , transmission side: index ; receiver side: index ). For inductive coupling this impedance is preferably low. In contrast, this impedance should be high for capacitive coupling because it acts as a load for the transmitter.
The relevant impedances for a three-phase belted paper cable with a symmetrical load (e.g., a transformer) are schematically shown in Fig. 3 . With the assumed three-fold symmetry the impedances of both cable and load can be described by only two (complex) parameters, namely the impedance between the Fig. 3 . Representation of (a) a three-phase transformer and (b) a three-phase cable as lumped components for a three-fold rotation symmetrical system. Z and Z represent the impedances between the phases; Z and Z the shield to phase impedances. phases (index ) and the impedance with respect to ground (index ). Two modes of signal coupling can be distinguished [5] , [6] as follows.
• Shield to phase mode (SP): the signal is injected in all three phases, and the return path is the ground connection. The current loop is closed by impedances between the phases and ground, as indicated in Fig. 4 
(a). • Phase to phase mode (PP):
The signal is injected between two phases. If the signal is injected over only one phase conductor, also the ground connection is a return path resulting in an additional SP component, see Fig. 4 (b). For simplicity, we will consider the circuit effectively as a two-conductor transmission line, avoiding introduction of matrices to describe the effects at the cable ends [7] . For the cable connection (characterized by impedance, , propagation coefficient, , and length, ) shown in Fig. 2 the transfer functions of the four possible combinations of inductive (index ) and capacitive (index ) coupling are given by 
The set of equations in (1) relate the applied excitation current (inductive coupling) or excitation voltage (capacitive coupling) to the output current through (inductive coupling), or output voltage over (capacitive coupling) impedance . In (1) it is assumed that the self-induction of the input and output circuits are negligible, and that the impedance of is high with respect to for the frequencies of interest. The voltage reflection coefficient and transmission coefficient are defined by (2) The four factors (separated by dots) in (1) can be interpreted as (i) the coupling strength at the input, the transmission factors at (ii) the transmitter and (iii) the receiver side, and (iv) a factor describing the signal propagation delay including attenuation, dispersion and (multiple) reflections.
The actual detected voltage, either capacitively or inductively , depends on details of the detection circuit, which are not included in (1) . For capacitive coupling the receiver had a high input impedance and did not load the system. For inductive coupling, a resonant circuit around a chosen detection frequency with quality factor was used. The transfer functions at the injection and detection side are summarized in Table I. III. RESULTS FOR A 400-kVA TRANSFORMER The impedances arising in Figs. 3 and 4 are determined for a 400-kVA, 10-kV/380 V cast resin transformer using a vector impedance bridge. The impedance from phase to ground can be described as a (stray) capacitance . The impedance between two phases is modeled as an inductance parallel to a stray capacitance . The inductance corresponds to the equivalent inductance of the primary coils. Its value will depend on the load at the low-voltage side. Therefore, the impedances were measured both with the low-voltage side open and short-circuited. The results for three of the tested configurations are shown in Fig. 5 : (a) impedance between three connected phases and ground (as in Fig. 4(a) ), (b) impedance between one phase and ground with the other phases floating (as in Fig. 4(b) ), and (c) impedance between two phases. The latter configuration corresponds to coupling by two identical coils around two phases exciting one single PP-mode. The behavior of the absolute impedance and the argument equal to in Fig. 5 (a) indicate a dominant capacitive behavior over the full frequency range. In Figs. 5(b) and (c) LC-resonances from the capacitances with the coil inductance are present. Since the equivalent inductance depends on the situation at the low-voltage side (open or short-circuit), the resonance frequencies are different for both extreme situations. At the resonances, the argument switches suddenly between and 90 because the resistive losses were negligible.
The curves in Fig. 5 are fitted using the following parameters: pF, pF, and H or H depending on the low-voltage side. Although the transformer had in fact a linear coil arrangement, the description according to the symmetry of Fig. 3 gives good results. The three coils are equal and apparently the parasitic capacitive coupling is similar, probably because it is mainly determined by the capacitance between coils and core. For frequencies above about 50 kHz the transformer behaves like a capacitor under all conditions. The total impedance by which the transformer loads a cable according to either the SP or PP scheme, taking the various parallel operating channels into account, corresponds to a value close to 1 nF. For oil-insulated transformers in metal enclosures a higher capacitance can be expected. Moreover, the capacitance of the transformer connections must be included. The value of 1 nF can probably be regarded as a lower limit.
IV. TEST ON A 4-km MV CABLE CONNECTION
A 4-km three-phase belted Paper-Insulated Lead-Covered (PILC) cable connection was used to study the signal transmission properties. The cable was loaded at both sides with various impedances, resistive as well as capacitive, to mimic different substation configurations. Inductive coupling was performed using an air coil (Rogowski) with a mutual inductance of 1.9 H; a 2 nF capacitor was used for capacitive coupling. A carrier wave was injected between one phase and ground with the second phase grounded and the third phase floating (due to lack of space for yet another ground connection). In Fig. 6 details of the experimental arrangement are shown. In order to characterize a three-phase load, the termination impedances were chosen such that they simulate the situation for three-phase operation. The results obtained at a frequency of 80 kHz are shown in Fig. 7 for the four possible combinations of inductive and capacitive coupling. The lines indicate the calculated responses according to (1) and the coupling strengths from Table I using the following assumptions:
• Skin effect dominates the signal attenuation, , the real part of the propagation coefficient,
. The attenuation is therefore proportional to . • Attenuation over 4-km cable is sufficient to neglect the effect of reflections back and forth the cable. The denominator in the last factor of (1) can therefore be set to one. Two free parameters remain for curve fitting in all situations tested (also at other frequencies). The cable characteristic impedance was taken equal to 40 , and the attenuation factor, , was set to ( in s ). The model describes the experimental data well, except for some deviation in case of the 1 nF termination when the signal is inductively coupled out. This may be ascribed to neglecting the measuring cable capacitance connected to the termination impedance. The results basically confirm the importance of the cable termination: inductive coupling gives rise to relatively high signal levels only when the termination impedance is low, whereas for capacitive coupling, high impedances are preferred. Fig. 8 . Power spectrum density function from two different positions at a cable terminal (see Fig. 9 ). Top: signal detected at the earth connection to the cable earth screen (CM+DM component); bottom: signal detected at the cable shield, but beyond the earth connection (only DM component). 
V. NOISE LEVEL
Sixteen cables in life circuits from two Dutch utilities have been tested at both sides to determine the noise level [4] . Commercially available inductive sensors with a bandwidth of several tens of megahertz were positioned at various locations interesting for PD detection, and accessible also for power line communication. The results for two sensor positions, which are shown in the inserts of Fig. 8 , are of particular interest:
• Inductive coupling to the connection between earth screen and ground (top). Safe installation without disrupting the power is possible here. However, besides the differential mode (DM) current involving the signals of interest, a common mode (CM) current is detected, which only contains interference from the outside world.
• Inductive coupling to the conductors (bottom). If the coupling takes place beyond the last earth connection, only the DM current is detected. For safe installation the cable screen must extend beyond the sensor position. For a large fraction of installations used in The Netherlands this can be realized as shown in Fig. 9 . The noise power spectrum density functions, see e.g., [8] , in Fig. 8 clearly indicate that coupling involving only the DM channel is preferred if it is technically possible. The noise level is about 20 dB better compared to the channel also containing the CM channel for the carrier frequency range allowed by the standards.
VI. COUPLING EFFICIENCY
Since transformers tend to behave as a capacitor in the frequency range of interest, it is expected that inductive coupling becomes more competitive at increasing frequency.
In Fig. 10 the theoretical behavior of (1) is plotted in the frequency range from 10 kHz to 1 MHz using the parameters determined in Section IV. Hereby it is assumed, that the main cable losses are caused by the skin effect and the transformer can still be described as a capacitor. However, at higher frequencies dielectric losses in the cable can start to become important, and also the transformer may show some resonances [9] . The impedances applied at both cable ends were chosen equal: 1 nF, 10 nF (typical for load by transformer); 10 and 100 (typical for load by leaving cables). The bold horizontal line elements, representing the detection level of the transmitter/receiver unit available, should only be considered as indicative, since the performance depends on technical details of the equipment, which can be optimized further for the coupling and detection method used.
From the results it can be concluded that capacitive coupling clearly performs better in the sense of signal level. However, as argued in Section I, inductive coupling may still be preferred because it does not require galvanic contact with the phase conductors. Inductive coupling on both sides within the CENELEC A-band may be problematic, especially when only transformers terminate the cable. The ratio between efficiency of inductive and capacitive coupling for termination by transformers at both cable ends is given by (3) Fig. 11 . Inductively injected pulse (right-bottom) over a PILC cable earth screen and measured waveforms at three positions, namely at the earth screen of the same incoming cable (right-top), a leaving cable (left-top) and the ground connection of the cable connection to the distribution transformer (left-bottom).
Inductive coupling therefore would profit strongly if higher frequency bands would be available for power line communication. Also, using coils with magnetic cores is an option to improve the coupling strength, but this will complicate installation and is relatively expensive (and should not saturate because of a 50-Hz power current). It must be noted, that there will often be another cable as part of the termination impedance resulting in a more favorable injection and detection circuit.
VII. PULSE INJECTION
Inductive pulse injection, required for time-base alignment in case of double-sided measurement (see Section I), can also be used for determining the relevant substation impedances. Since the injection coil and the substation circuit are weakly coupled, the corresponding circuits can be described independently: the primary injection current results in a known induced voltage over the impedances present in the secondary substation circuit. By measuring the secondary current these impedances can in principle be evaluated.
A well-defined pulse, with its energy mainly concentrated in the low MHz range, can be realized by discharging a capacitor over the induction of the injection coil. The resulting oscillation is blocked after a half cycle. Practical values are a 1 nF capacitor charged to the order of 100 V, and a 1 H inductance. The signal amplitude upon injection into the cable is kept below 1 V. In Fig. 11 the results on a life substation are shown. For injection, a Rogowski coil with a mutual inductance of nH was mounted around the screen, beyond the last earth connection of an incoming cable. Detection was accomplished by means of commercially available current probes (1 V/A) at various positions:
• Sensor is positioned around the same cable as the injection coil. The measured signal is basically the time derivative of the injected current with the amplitude dependent on the substation impedance. • Sensor is positioned around a leaving cable. This signal resembles the former one, however the amplitude is reduced, since there are two similar leaving cables.
• Sensor is positioned around the ground connection of the cable to the distribution transformer. This path basically consists of a capacitance in series with the self-inductance of the connection. From the measured secondary waveforms, and the known injection current
, the values of the relevant lumped impedances can be deduced. For two substations this is illustrated in Fig. 12 . In both cases the secondary current is measured over the same cable screen as injection takes place. The secondary current can be calculated from (4) where represents the impedance of the cable containing the current probes; the summation in the denominator includes all impedances closing the current path. The substations shown in Fig. 12 differ in two additional leaving cables present in the top figure. The fits were obtained by using characteristic impedances of 12 (for the SP channel, consisting of three parallel phases with respect to ground) and using a total value of 3 nF for the transformer (1 nF) and its connecting cable (2 nF). Further, the self-inductances of the connections were typically of the order of 0.5 H and an extra circuit resistance of about 4 was introduced to take into account the skin effect and radiation losses in order to get good agreement.
VIII. DISCUSSION AND CONCLUSION
Power line communication over the MV grid as channel for general purposes is unlikely to become widespread, as long as the maximum data transfer is limited by the current standards. Communication of data concerning the grid performance itself is more likely, since the required data rate is not high. As diagnostic tools are developed further and the condition of the grid and its components can be estimated more and more reliably, the availability of MV power line communication may become commercially interesting. For instance, in The Netherlands about 90 000 km PILC cable is in use with a total value in the order of 5 billion Euros.
Any extension of the lifespan of some critical cable connections by proper monitoring, e.g., using two-sided PD detection with a communication channel in between, will save investment costs. The total cost of introducing these systems is clearly not determined solely by the cost of the equipment. Installation can be quite expensive if it would involve modifications to the substations or would require temporal disconnection of the cables. Commercial success will depend strongly on the simplicity of installation. Coupling schemes for signals to the MV cable should therefore be optimized not only for the technical (telecommunication) specifications, but should also include measures to allow easy, fast, and safe installation, preferably in life circuits. For the present purpose of PD diagnostics this implies that sensor tasks (PD-detection, pulse injection, and communication) should be integrated. The optimal bandwidths for detecting PDs and for pulse injection are basically determined by the propagation characteristics of the power cable, and are therefore similar. Communication is restricted by the standards. As discussed in Section VI, in a few situations inductive coupling efficiency may be insufficient for reliable data transfer. Alternative modulation schemes are under consideration, which still meet the standards. For instance, the pulse injection system can be applied to generate successive pulses (repetition rate within the CENELEC A-band) with modulated time differences or amplitudes. This option has the additional advantage that the communication device is directly integrated, and one does not have to rely on the presence of other communication channels.
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